Abstract Tests of gastric, small intestinal and colonic motor function provide relevant physiological information and are useful for diagnosing and guiding the management of dysmotilities. Intraluminal pressure measurements may include concurrent measurements of transit or intraluminal pH. A consensus statement was developed and based on reports in the literature, experience of the authors, and discussions conducted under the auspices of the American Neurogastroenterology and Motility Society in 2008. The article reviews the indications, methods, performance characteristics, and clinical utility of intraluminal measurements of pressure activity and tone in the stomach, small bowel and colon in humans. Gastric and small bowel motor function can be measured by intraluminal manometry, which may identify patterns suggestive of myopathy, neuropathy, or obstruction. Manometry may be most helpful when it is normal. Combined wireless pressure and pH capsules provide information on the amplitude of contractions as they traverse the stomach and small intestine. In the colon, manometry assesses colonic phasic pressure activity while a barostat assesses tone, compliance, and phasic pressure activity. The utility of colonic pressure measurements by a single sensor in wireless pressure/pH capsules is not established. In children with intractable constipation, colonic phasic pressure measurements can identify patterns suggestive of neuropathy and predict success of antegrade enemas via cecostomy. In adults, these assessments may be used to document severe motor dysfunction (colonic inertia) prior to colectomy. Thus, intraluminal pressure measurements may contribute to the management of patients with disorders of gastrointestinal and colonic motility.
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INTRODUCTION
Assessments of gastrointestinal (GI) and colonic motility by intraluminal techniques provide an understanding of GI physiology and the pathophysiology of motility disorders. They may also facilitate evaluation of patients with suspected disorders of GI or colonic motility. The American Neurogastroenterology and Motility Society selected a group of clinician-investigators to develop a consensus statement based on reports in the literature, experience of the authors, and discussions on tests used for intraluminal pressure measurements of different regions of the stomach, small intestine and colon. Manometry can be performed either in a laboratory setting (stationary) or using ambulatory systems, with the patient outside the laboratory. On the other hand, the measurement of colonic tone and compliance requires a laboratorybased study with a barostat. The scope of the article is not to provide a technical manual on how to perform the studies; rather it explores the evidence supporting the utility of such investigations in clinical practice.
The material used to compile this report included literature reviews and discussions in closed fora among the authors under the auspices of the American Neurogastroenterology and Motility Society in 2008. The reader should assume that, unless a statement is referenced, it represents the consensus opinion of the authors. The perspectives reflect predominantly the conduct of such tests in the United States. There are regional variations in applications of the tests in different health systems or countries; however, the indications, endpoints, strengths and pitfalls are relevant to practice everywhere. Information on coding and billing of procedures is available at http://www. motilitysociety.org/.
Intraluminal gastroduodenojejunal phasic pressure recordings (Manometry)
Introduction Technical details regarding preparation, catheters and other equipment, intubation techniques, test meals, and a comparison between stationary and ambulatory (including 24 h) studies are detailed elsewhere. 1 
Clinical indications
The main indications for gastroduodenojejunal manometry appear in Table 1 .
Outcomes and endpoints of test There is consensus in the literature that manometry can, with reasonable confidence, distinguish normal from abnormal activity and also characterize mechanisms, as detailed below. The need for and utility of gastroduodenal manometry are strongly dependent on clinical circumstances. Thus, manometric data are not essential for patient management when there is a known underlying cause of dysmotility and particularly if similar information can be obtained non-invasively, such as by measuring transit.
Normal motility includes: 1 At least one migrating motor complex (MMC) per 24 h. 2 2 Conversion to the fed pattern without return of MMC for at least 2 h after a 400-kcal meal. 3 3 Distal antral contractility (postprandial motility index per 2 h >13.67). 4 4 Antral contractions >40 mmHg and small intestinal contractions >20 mmHg. 5 5 Absence of abnormal patterns described below. As longer recordings are subjected to computer analysis, it is possible that other quantitative indices may better define normality. Mechanical obstruction of the small intestine may be diagnosed by manometry even when undetected radiologically. Two manometric patterns of obstruction have been reported: 6 postprandial clustered contractions (>30-min duration) separated by quiescence or simultaneous prolonged (>8 s) or summated contractions.
Myopathic disorders (e.g. scleroderma, amyloidosis, hollow visceral myopathy) are characterized by lowamplitude contractions (<20 mmHg) at affected sites. 5, 7 Antral hypomotility or reduced motility index of postprandial distal antral contractions is significantly correlated with the impaired gastric emptying of solids in disease states and pharmacological models of gastroparesis. 4, 8 Patients with scleroderma with gastric involvement have an average antral amplitude of <40 mmHg. 9 While nutritional trials (e.g. gastric feeding) are worthwhile, experience suggests that manometric findings (e.g. antral amplitude) are useful for providing dietary recommendations and identifying site of feeding (e.g. jejunum).
After vagotomy, duodenojejunal MMCs occur more frequently (>3 over 3 h) during the fasting period when patients are awake; the antral phase III of the MMC is often absent, 10, 11 and there is postprandial antral hypomotility and a rapid return of MMC activity (within 2 h) after a >400-kcal meal. 10 Alternative noninvasive approaches can be used to assess vagal integ- 12 ÔNeuropathicÕ disorders have been associated with antral hypomotility, abnormal propagation of the MMC, hypercontractility in the duodenojejunum (bursts and sustained uncoordinated pressure activity), and failure of the fed response. Studies that compared manometric and histological findings are weak, as they are based on single reports, 13 
20-22
Rumination syndrome is typically characterized by postprandial, artifactual increase in intra-abdominal pressure at all levels of the upper gut. 23 A careful clinical history usually suffices for diagnosing rumination in adults and adolescents, 24 especially if gastric emptying is normal and there is no gastro-oesophageal reflux in the supine position. Antroduodenojejunal manometry can confirm the diagnosis when necessary.
23-25
Confounding 26, 27 or constipation 28 ) and may be rapidly reversible with correction of the associated disease, e.g. restoration of normal eating habits. 29 4 Displacement of the motility catheter, e.g. out of the distal antrum, prevents optimal measurement. New methods that utilize multiple closely spaced sensors (e.g. 36 sensors 1 cm apart 30, 31 ) have the ability to thoroughly document antral, pyloric, and duodenal contractions ( Fig. 1 ) and have the potential to overcome the technical pitfalls associated with motility catheter movement, e.g. during ambulatory studies.
Performance characteristics Characteristics of normal GI manometry have been established in children 32 and adults 33 Reproducibility of different motility findings during prolonged ambulatory recordings performed in the same individuals on two different days is fair to good (r-values ranging between 0.45 and 0.68). 34 Interlaboratory differences have been noted in the analysis of antroduodenal manometry. 35 Andersen et al.
36
analysed the detection of contractions by five observers in antroduodenal manometry and found 60% overall agreement (range 72-97% between observer pairs). In a study assessing interobserver variation for interpretation of antroduodenal manometry in children, 37 both observers agreed on the differentiation of normal from abnormal motility in 63% of cases. There was excellent interobserver agreement for quantifying phase III of the MMC and identifying different phases of the MMC. However, agreement for the final diagnosis, which entailed integration of several variables, was weaker. In summary, interobserver agreement for normal vs abnormal antroduodenal motility compares reasonably well with other common diagnostic tests. While specific patterns are considered to suggest disease 38 in the absence of a Ôgold standardÕ, the sensitivity and specificity of manometry abnormalities for differentiating causes of motility diseases have not been evaluated, except for intestinal obstruction (see above).
Clinical significance and optimal use of intraluminal pressure recordings Intraluminal recordings serve to clarify a clinical diagnosis of abnormal motility or exclude a GI motility disorder, if the gastric emptying test is equivocal. Manometry may suggest unexpected obstruction, low-amplitude contractions (myopathic disorders), disorganized contractions (neuropathic disorder), or unequivocal normality. The latter suggests that motor dysfunction is not a cause of the patientÕs symptoms. 39 An entirely normal study may be the most clinically useful study. In children, the finding of normal gastroduodenal manometry has been reported to be helpful in differentiating a true motility disorder from a polysomatoform disorder in which patients experience daily abdominal pain, illness involving three or more organ systems, an accelerating disease trajectory that may mimic chronic and serious digestive disease and may involve ÔfalsificationÕ, or wilful deception. 40 Manometric findings (e.g. neuropathy vs myopathy) may direct further investigation (e.g. autonomic tests, full thickness biopsy). While the decision on the optimal site of delivery of enteral nutrition is typically based on a clinical trial (e.g. gastric delivery with assessment of feeding tolerance or gastric residual volumes), some centres rely on manometric findings to assess the extent of disease (localized or not) and to select the route (i.e. gastric, enteric, or parenteral) for nutritional support.
Experience from one centre shows that, in children with unexplained GI symptoms, intestinal dilatation, feeding intolerance or failure to thrive, the absence of MMCs is an indicator of poor response to enteral feeding 41 or a prokinetic agent. 42 New technology, such as wireless pressure/pH capsule, provides a more user friendly and less demanding alternative to direct intraluminal pressure measurement. Impact of gastroduodenojejunal phasic pressure measurements on patient management The impact of gastroduodenojejunal phasic pressure measurements on the management of patients with presumed small intestinal dysmotility syndromes has not been validated in prospective investigations. In one retrospective review of 109 clinical antroduodenal manometric studies performed over a 7-year period in a tertiary referral centre, 43 Therapeutic decisions were facilitated by the manometric results in 18.9% of patients, including decisions related to surgical intervention (e.g. colectomy for slow transit constipation) and decisions affecting feeding route (enteral vs parenteral) or choice of prokinetic agents.
Small bowel motility testing is often useful in children with gut failure to clarify the pathogenesis, to optimize clinical management, to determine if intestinal transplantation is needed and, if so, what organs need to be transplanted. 44 Motor response to the administration of specific drugs during the manometry study may guide medical therapy.
42,45
Wireless pressure and pH capsule Introduction A wireless pressure and pH capsule has been recently approved by the US Food and Drug Administration for measuring gastric emptying and whole gut transit time. The capsule also measures phasic motor activity (Fig. 2) . The wireless pressure and pH capsule can accurately measure GI pH and pressures at normal body temperatures. The capsule transmits sensed data to a data receiver, and data are downloaded via USB connection to a compatible computer for analysis.
Clinical indications In theory, many of the indications for antroduodenojejunal and colonic manometry (Tables 1 and 2 ) should apply to the wireless pressure and pH capsule. However, given its size, the capsule should not be used for the manometric diagnosis of mechanical obstruction. Investigations into the clinical utility of wireless pressure and pH capsule measurements of gastric emptying, small intestinal and colonic transit, and gut contractile activity are ongoing.
Outcomes and endpoints of test Although it is also capable of detecting intraluminal phasic pressure activity, the capsule is only approved to measure gastric emptying.
Capsule gastric emptying time is the time from capsule ingestion to an abrupt rise to a pH >6 as the capsule passes from the acidic antrum to the more neutral duodenum. 46 However, some gastroparetic patients have reduced intragastric acidity in the late postprandial period, and a pH increase of ‡2 units rather than the expected >3 units may be evident as the capsule migrates from the antrum into the 48 Thus, in healthy subjects, 65%
of individuals emptied the capsule with an antral phase III MMC complex and 35% with isolated distal antral contractions not associated with phase III activity. 39 In patients with gastroparesis, profound delay (in some cases >24 h) may be secondary to loss of antral MMC. In validation studies, a second meal was provided 6 h after capsule ingestion to ensure that diabetics did not develop hypoglycaemia. 46 If the capsule has not emptied, gastric emptying was censored at 6 h, as in six healthy volunteers and 26 patients with gastroparesis. 46 Performance characteristics Gastric emptying time by the capsule and concurrent scintigraphy in 77 healthy volunteers and 48 patients with symptoms suggestive of gastroparesis show good correlations with a low-fat test meal (R = 0.73).
37,38
Clinical significance and optimal use The wireless pressure and pH capsule has been proposed as an alternate method for identifying delayed gastric emptying in patients with presumed gastroparesis. The 5-h cut-off point for the gastric emptying test provides an optimum balance of sensitivity and specificity (0.65 and 0.87 respectively) for diagnosing gastroparesis. 46 This indicates that the wireless pressure and pH capsule has sensitivity to identify two-thirds of patients with gastroparesis.
The wireless pressure capsule also measures amplitude of distal antral and duodenojejunal contractions. The role of capsule measurements for identifying myopathic disorders requires formal study. Individual contractions detected by the wireless capsule correlated closely with those observed on manometry in the late postprandial period, prior to capsule evacuation into the duodenum. 47 The wireless pressure and pH capsule also measures intragastric acidity. In patients with prolonged gastric emptying of the capsule, loss of gastric acid suggests vagal dysfunction. This occurs more often in diabetic gastroparesis than in idiopathic gastroparetics, and in severely, rather than mildly delayed emptying. 49 Finally, the wireless pressure and pH capsule provides an estimate of small bowel and colonic transit, and has the potential to measure amplitude of phasic contractions in the colon (see below).
Impact on patient management
The impact of wireless pressure and pH capsule on the management of patients with presumed upper GI dysmotility has not been studied. Table 3 provides a summary of the comparison of stationary, ambulatory and capsule intraluminal methods for recording gastric and small bowel motility.
Summary and comparison of measurements of gastrointestinal phasic pressure activity

Assessment of colonic motor activity
Introduction After bowel questionnaires, the simplest measurements of colonic motor function include colonic transit by scintigraphy or by radiopaque markers. The latter is widely used to distinguish normal from slow-transit constipation. The wireless pressure and pH capsule can also assess colonic transit. 50 As a large diameter viscus, the colon responds to increased intraluminal pressure by a volume change (which defines its compliance) as the viscus stretches. Colonic motor activity is not rhythmic, but is characterized by phasic or brief contractions and tonic or sustained contractions. Tone is measured by barostat; phasic contractions can be measured by manometry or wireless pressure capsule. Stationary laboratorybased studies to assess motility are usually conducted for 6 h, during which compliance, fasting, and 2-h postprandial recordings of contractions and tone are conducted. Ambulatory studies are usually conducted over 24 h and involve measurements of phasic contractions. Table 2 .
51-53
Outcomes and endpoints of colonic motility tests At least seven different patterns of human colonic phasic pressure activity have been identified 54 and confirmed by ambulatory study: 55 1 Isolated pressure waves, which occur randomly without any associated pressure activity for at least 30 s; physiological significance is unclear. 2 Propagating pressure waves, that migrate aborad across ‡10 cm at a velocity >0.5 cm s )1
. Propagated contractions propel contents over longer distances than non-propagated contractions. 56, 57 3 High amplitude propagated contractions or pressure sequences (HAPC, ‡75 mmHg) that migrate aborad for ‡15 cm; HAPCs occur 6 (range 2-24) times daily and may move contents across the colon and precede defecation; 54,56,58 they occur more frequently in young children and infants. 59 Other authors 60 use different parameters to define HAPC:
propagation over 24 cm with a delay of 1-10 s between peaks seen at sensors 12 cm apart, and amplitudes of >50 mmHg absolute pressure at all three sites. Still another group recommends amplitude >100 mmHg in two sensors and >80 mmHg in a third sensor. 61 4 Simultaneous pressure waves occur simultaneously at least 10 cm apart (onset time <1 s); in paediatric practice, these simultaneous contractions have been associated with neuropathy; however, in adults they are observed in the absence of a neuropathic process. 5 Retrograde pressure waves migrate orad across ‡15 cm with a velocity >0.5 cm s )1 .
6 Periodic colonic motor activity or discrete random bursts of phasic and tonic pressure waves with a frequency ‡3 per min and a cycle duration ‡3 per min. 7 Periodic rectal motor activity (PRMA), or discrete rectosigmoid bursts of phasic and tonic pressure waves with a frequency ‡3 waves per min and a cycle duration ‡3/min; PRMA occurs predominantly during the night and may serve as a nocturnal break.
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From a physiological perspective, three patterns of colonic phasic contractions are useful in clinical appraisal: 1 Phasic activity varies diurnally, declining during sleep and increasing upon awakening (Fig. 3) .
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2 Phasic activity increases throughout the colon, starting within a few minutes after the onset of a meal (Fig. 4) , and continuing for up to 2½ h, 65 depending on meal composition (fat > CHO) and caloric content. 66, 67 Over 500 kcal predictably elicits this colonic response; 68 neural and hormonal mechanisms are implicated. The absence of HAPCs after the meal suggests a significant colonic motility disorder. There are no published quantitative data of phasic contractility that unequivocally differentiate normal colonic function from colonic inertia. Although wireless capsule studies have identified differences in numbers of colon propagated contractions and colonic motility indices in subsets of patients with constipation compared to healthy controls, 69 the diagnostic significance of these findings is unclear. 70,71 Figure 5 shows the evaluation of colonic compliance and tone by a barostat-manometric assembly. Changes in baseline balloon volume reflect changes in colonic tone. A barostat is more accurate than manometry (which acts as a point sensor) for detecting phasic contractions when the colonic diameter exceeds 5.6 cm. 73 Different segments of the colon present different compliance 65 reflecting different mechanical properties of active muscle tone (at lower pressures) and passive properties (e.g. connective tissue at higher pressures 74 ). Increased colonic compliance is identified in chronic megacolon; the significance of an increased colonic compliance in patients with significant slow transit constipation is the subject of ongoing investigation. Colonic tone in response to a standard meal has been well characterized. This tonic contractile response was more pronounced in the transverse (average increase 24% over 90 min) than the sigmoid colon (average increase 13% over 90 min 65 ). In the descending colon, the tone increase is median 25%, interquartile range 21-45%, compared to fasting. 75 Thus, a <15% increase in tone after the meal suggests a significant colonic motility disorder. Analyses and measurements of colonic motility may be qualitative or quantitative. 1 Qualitative: Manual inspection or computerized algorithms identify common patterns such as propagated contractions, retrograde contractions, PRMA and HAPCs. Their number, frequency and diurnal variation are noted.
2 Quantitative: Phasic pressure activity, summarized as area under the curve or a motility index, i.e.
[log e (sum of amplitudes*number of contractions + 1)], is compared before and after events such as awakening and meals (Fig. 4) . Colonic tone is estimated as balloon volume at operating pressure under fasting conditions (e.g. for 30 min), after a meal (e.g. for 60 min), and after a pharmacological stimulus (e.g. after neostigmine or bisacodyl for 30 min). Colonic pressure-volume relationships can be summarized Figure 4 This figure shows an example of the colonic motor activity before and after ingestion of a meal in (A) a healthy subject and (B) a patient with constipation. The healthy subject exhibits a sustained increase in colonic motility immediately after eating in all channels, whereas the patient shows a markedly attenuated, short-lived, meal-induced motor response. Reproduced from Rao et al. 55 by a power exponential or simpler linear interpolation method. 74, 76, 77 Confounding issues Many of the confounding issues discussed under intraluminal gastroduodenojejunal manometry also apply to colonic manometry. The techniques are only partially standardized. The following factors may limit interpretation of colonic manometry and barostat assessments. 86 In those centres that use colonic motility test, a diagnosis of colonic inertia is required before offering the patient subtotal colectomy with ileorectostomy for severe constipation. The rationale for this approach is supported by observations which suggest that colonic transit is an imperfect surrogate marker of colonic motor dysfunction as assessed by intraluminal testing. Thus, a subset of patients with slow transit constipation and normal defecation has normal colonic motor functions assessed by barostat-manometry. 87 In practice, many centres use multiple (variable number) failed therapeutic trials as the indication for referral for colectomy in those with documented slow colonic transit and normal evacuation. Some centres have indicated that they would do colon manometry if there was reimbursement for such procedures.
In contrast to constipation, a subset of patients with diarrhoea, particularly in association with autonomic neuropathy, has more frequent HAPCs during the day and/or after a meal. 64, 67, 83, [88] [89] [90] [91] [92] Impact on patient management Paediatric practice: Colonic motility testing has impacted diagnosis and treatment of constipation in children. Studies performed in large motility centres using both the antegrade and the retrograde approach have suggested that colonic manometry can be used to: 1 Select medical and surgical treatment when conventional medical and behavioural treatments have failed.
93,94
2 Clarify the pathophysiology of persistent symptoms after removal of the aganglionic segment in children with HirschsprungÕs disease. 51 3 Evaluate the function of a diverted colon before possible closure of a diverting stoma. 52 4 Predict the response to antegrade enemas via cecostomy.
53
Adult practice: The impact of colonic motility testing to guide the management of chronic constipation in adults is documented in one study of 19 patients with severe slow transit constipation: seven of 10 patients with features of a neuropathy underwent colectomy while the remaining 12 patients (five had myopathy and four had normal manometry) were managed with medical measures. At 1 year, symptoms resolved in six of seven patients who underwent colectomy and improved by an average of 50% in the five patients with myopathy. 55 The impact of the two approaches (colonic motility test to identify significant colonic dysmotility vs multiple failed therapeutic trials) on outcomes to surgery and patient preference has not been formally compared.
Summary A comparison of techniques for assessing intraluminal colonic motor activity is shown in Table 4 . Measurement of colonic motility and tone is established as a valid clinical tool to facilitate the management of significant motility disorders in adult and paediatric practice.
CONCLUSION
Intraluminal measurement of gastric and small bowel and colonic phasic pressure has been used in clinical practice for almost 3 decades. Although these studies were initially restricted to specialized motility laboratories and stationary studies, the availability of standardized equipment and techniques has enhanced these measurements, which now include ambulatory studies at all levels, and measurements of compliance, tone and response to pharmacological agents in the colon. These advances have made the measurements more widely available. This consensus document has been written to provide a critical review of the indications, strengths, performance characteristics, optimal use, impact and pitfalls of the different techniques to measure intraluminal pressures in the proximal gut and in the colon. Novel approaches, including wireless capsule measurements of pH and motility, may facilitate the measurements of intraluminal pressures, though further validation studies are needed. 
